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X-ray structure of pyrrolidone carboxyl peptidase from the
hyperthermophilic archaeon Thermococcus litoralis
MR Singleton†, MN Isupov and JA Littlechild*
Background: Pyrrolidone carboxyl peptidases (pcps) are a group of
exopeptidases responsible for the hydrolysis of N-terminal pyroglutamate
residues from peptides and proteins. The bacterial and archaeal pcps are
members of a conserved family of cysteine proteases. The pcp from the
hyperthermophilic archaeon Thermococcus litoralis is more thermostable than
the bacterial enzymes with which it has up to 40% sequence identity. The pcp
activity in archaea and eubacteria is proposed to be involved in detoxification
processes and in nutrient metabolism; eukaryotic counterparts of the enzyme
are involved in the processing of biologically active peptides.
Results: The crystal structure of pcp has been determined by multiple
isomorphous replacement techniques at 1.73 Å resolution and refined to 
an R factor of 18.7% (Rfree = 21.4%). The enzyme is a homotetramer of 
single open α/β domain subunits, with a prominent hydrophobic core 
formed from loops coming together from each monomer. The active-site
residues have been identified as a Cys143–His167–Glu80 catalytic triad.
Structural homology to enzymes of different specificity and mechanism has
been identified.
Conclusions: The Thermococcus pcp has no sequence or structural homology
with other members of the cysteine protease family. It does, however, show
considerable similarities to other hydrolytic enzymes of widely varying substrate
specificity and mechanism, suggesting that they are the products of divergent
evolution from a common ancestor. The enhanced thermostability of the 
T. litoralis pcp may arise from hydrophobic interactions between the subunits
and the presence of intersubunit disulphide bridges.
Introduction
Pyrrolidone carboxyl peptidases (pcps; EC 3.4.19.3) are a
group of enzymes that remove pyroglutamate (pGlu) from
the N terminus of peptides and proteins. The enzymatic
activity was initially identified in bacteria of the genus
Pseudomonas [1], and has since been found in a wide variety
of prokaryotes and eukaryotes [2,3]. The group of enzymes
has been subdivided into two classes on a mechanistic
basis — type I and type II. The type I class consists of
mammalian and bacterial pcps that are all cysteine protease
type enzymes; the bacterial pcps have been studied exten-
sively at both a genetic and a biochemical level [4,5]. A
putative Cys–His dyad was suggested to be involved in the
catalytic mechanism [6]. The enzymes show considerable
sequence homology and all appear to be dimeric or
tetrameric in quaternary structure, with a subunit mol-
ecular mass of 22–24 kDa. The type II enzyme, found in
eukaryotes only, appears to be a large (230–280 kDa)
metallopeptidase of varying oligomeric composition [7].
The enzyme seems to be membrane bound, and is found
in various tissues including muscle and cerebral cortex [8].
No sequence is available for this enzyme but there are bio-
chemical data on its substrate specificity [9].
Both classes of the mammalian enzyme have been impli-
cated in the regulation of neuropeptide activity, for
example in the thyrotropin releasing factor (TRF)
pathway [10], and in the neurotensin system [11]
amongst others. The exact function of the enzyme in
bacterial and archaeal systems is less well studied. It has
been proposed that pcp activity may serve to reduce the
toxicity of N-terminally blocked peptides [4], or it may
play a role in nutrient assimilation [1].
The pcp gene from the hyperthermophilic archaeon
Thermococcus litoralis has been cloned and overexpressed
in Escherichia coli (MRS and JAL, unpublished observa-
tions). The recombinant enzyme is a homotetramer of
24 kDa subunits and shows high sequence similarity to
the bacterial enzymes as well as to the pcp identified in
the genome of the archaeon Pyrococcus horikoshii [12]. As is
expected of enzymes derived from such sources, the
protein shows enhanced thermostability when compared
with enzymes from mesophilic bacteria, as it has an
optimum activity at 75°C, and a half life of two hours at
this temperature. Here, we report the 1.73 Å crystal struc-
ture of the enzyme that is the first for the C15 family of
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cysteine proteases, the identification of a catalytic triad,
and structural comparisons to other enzymes of the open
α/β fold, as well as determining some possible causes of
the thermostability of the Thermococcus pcp.
Results and discussion
Quality of the model
The model has been refined to an R factor of 18.7% for all
data without σ cut off in the resolution range 20–1.73 Å,
excluding 2.5% randomly distributed reflections assigned
to calculate Rfree 21.4%, (Table 1). The asymmetric unit
contains an α4 pcp tetramer. The final electron density
allowed the positioning of all 220 residues in each of four
subunits. The model also contains four sulphate mole-
cules and 660 water molecules. The dispersion precision
indicator [13] gives an overall estimate of root mean square
(rms) error in coordinates of 0.11 Å for the structure. The
overall G factor calculated by the program PROCHECK
[14] as a measure of the stereochemical quality of the
model is 0.0, which is within the range of values expected
at 1.7 Å resolution. The most favoured regions of the
Ramachandran plot as defined by PROCHECK contain
91% of the non-glycine residues. Four residues in each
subunit are in the left-handed helical conformation.
Pro160 in each subunit is in the cis conformation. Approxi-
mately 32% of the amino acids are in α helices and 23%
in β sheets. Thr73 in each subunit has unfavourable main-
chain torsion angles (φ = 84°, ϕ = –14°), but the electron
density for this residue is unambiguous and B factors of
its atoms are low.
Quaternary structure
The pcp tetramer (Figure 1) has a 222 point symmetry and
is a flattened tetrahedron of dimensions 78 Å × 65 Å × 52 Å.
At the centre of the tetramer is a large cavity of roughly
6000 Å3 that is partially filled by a ‘core’ comprised of loops
from each monomer of the enzyme. The Cα positions of
the individual chains may be superimposed upon each
other with a maximum rms deviation of 0.7 Å; this devia-
tion is mainly due to differences in the conformations of
two long loops in each subunit and the C terminus of the
protein. The four chains of the tetramer are designated A
to D in Figure 1, and  the same designation is employed
throughout our description of the structure.
Monomer structure
The 220 amino acid polypeptide chain is folded into a
‘comma-shaped’ single α/β domain (Figure 2). A seven-
stranded mixed β sheet that is twisted by ~90° forms the
centre of the monomer and there are five α helices distrib-
uted on each side of the sheet. The monomer and its sec-
ondary structural elements are shown in Figure 2b, with
the α helices sequentially labelled α1 to α5 and the strandsβA to βK. The central β sheet has strand topology 2, –1,
–2X, –2, –1X, 2 and direction – –++++– [15].
A small subdomain — referred to as the ‘insertion’ sub-
domain — from residues 70 to 138 (between strands βE
and βG) forms a long, disordered loop and a two-stranded
antiparallel β sheet that constitutes one face of the
subunit. There is another smaller, double-stranded anti-
parallel β sheet at the end of the extended loop that pro-
jects from the monomer and forms the centre of the
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Figure 1
A pcp tetramer with secondary structural elements shown in a different
colour for each subunit. This figure was produced with the program
MOLSCRIPT [42].
B
D
C
A
Structure
Table 1
Summary of data collection and refinement statistics.
Resolution (Å) 20–1.73
Completeness (%) 97.4
Rsym* 0.09
Unique reflections 104,008
Final R factor (20–1.73 Å) 18.7
Rfree† (2.5% total data) 21.4
Rmsd bonds (Å) 0.013
Rmsd angles (°) 1.4
No. protein residues 880
No. water molecules 660
Ramachandran analysis
(most favoured/allowed/generous/disallowed) 90.6/8.9/0.5/0.0
B factors (low/high/mean) (protein) 7.5/92.4/20.9
B factors (low/high/mean) (water) 10.2/96.8/31.2
*Rsym = ΣhΣI|<Ih>–I(h)I|/ΣhΣI(h)I, where I(h) is the intensity of
reflection h, Σh is the sum over all reflections and ΣI is the sum over I
measurements of the reflection. Rfactor = Σ||Fo|–|Fc||/Σ|Fo|. †Rfree is as
defined by Brünger [36].
tetramer. This is preceded by a short 310 helix. The
C terminus of the chain forms a loop back towards the
central β sheet after the long helix α5 and is less ordered
than the rest of the structure.
Intersubunit contacts
The pcp monomers make intersubunit contacts along two
faces, one running along the longest axis of the tetramer
and the other across the short axis. These interfaces are
designated AB–CD and AC–DB, respectively, referring to
the subunits labelled in Figure 1. The AC–BD interface is
formed from the loop situated between strand βI and helix
α5, and contains the 310 helix and the β strands βK and βJ.
The closest contact between the subunits occurs here,
formed from a disulphide bridge between Cys190 residues
in each monomer. The other residues along the interface
are generally hydrophobic. An electrostatic surface map of
the interface is shown in Figure 3, and demonstrates the
essentially uncharged nature of the interface contacts.
The AB–CD interface is formed from the insertion sub-
domain of the monomer, mainly involving the edge of the
small β sheet comprised of strands βF and βG, and the loop
connecting them. The interactions at this interface are
again mainly hydrophobic, with the exception of an ion-
pair cluster involving Arg81 and Arg119 with Asp88 and
Asp101 in the adjacent subunit.
Each pair of subunits is covalently joined across the
AC–BD interface by a disulphide bridge that is formed
from the residue Cys190 in opposing pairs of subunits
(Figure 4). The bridge is located at the N terminus of
helix α5 and appears to have two conformations in the
electron-density map. Although disulphide bonds are
uncommon in intracellular enzymes, they have been
observed in a number of structures including glutathione
reductase [16], Sulfolobus solfataricus glyceraldehyde-3-
phosphate dehydrogenase (MNI and JAL, unpublished
observations), human thioredoxin [17], and Thermus
thermophilus elongation factor Ts (EF-Ts) [18]. The last
two examples have an intersubunit disulphide bond, as
seen in pcp. The bond is proposed to be important for
maintaining the quaternary structure of the protein, which
migrates at a molecular weight corresponding to a tetramer
on gel-filtration chromatography, even under strongly
reducing conditions (15 mM dithiothreitol [DTT]).
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Structure
Folding of each pcp monomer. (a) A stereo view of a pcp Cα trace
with every tenth residue numbered. (b) A ribbon diagram of a pcp
monomer in the same orientation as (a), and with the secondary
structural elements labelled sequentially, α1–α5 and βA–βK. This figure
was produced with the program MOLSCRIPT [42].
Figure 3
The electrostatic potential surface of the pcp monomer on the AC–BD
subunit interface. Positive charge is shown in blue and negative charge
in red. This figure was produced with the program GRASP [43].
The active site
The nucleophilic residue that is proposed to be in the
pcp active site is Cys143 [19]. This residue was located
adjacent to the electron density for a mercury atom of the
para-chloromercuribenzoate (PCMB) heavy-atom deriva-
tive. The residue is at the N terminus of helix α4, opposing
one face of the central β sheet across a solvent-accessible
cleft in the subunit (Figure 5). In the crystal structure,
the thiol group of this cysteine appears to be oxidised,
although the nature of the oxidised species is unclear and
appears to differ in each subunit of the enzyme. In other
cysteine proteases, such as papain, the active thiol is
clearly seen to be oxidised to cysteic acid (CysO3H) [20],
with the three oxygen atoms hydrogen-bonded to protein
atoms or to solvent. In the T. litoralis pcp, no clear hydro-
gen bonding is seen and the electron density observed is
probably the result of a mixed or disordered species in
the crystal.
The Cys143 Sγ is hydrogen-bonded to the Nε of His167
with a bond length of 3.46 Å. This histidine residue has
previously been suggested to be the second component of
a Cys–His catalytic dyad, on the basis of both sequence
conservation and chemical modification studies. Previous
work [21] has suggested that one of the conserved residues,
Glu80, Asp88 or Asp96, constitutes the third component
of a catalytic triad. In the structure, the Nδ of the imida-
zolium ring of His167 is hydrogen-bonded to the Oε of
Glu80, 2.86 Å distant, suggesting that this residue stabilises
and orientates the imidazolium ring in a manner similar to
that of the amide oxygen observed in structures such as
that of papain [22].
The tetramer core
The centre of the pcp tetramer contains a ‘core’ comprising
four two-stranded antiparallel β sheets, one from each
subunit. The sheets are built from the hydrophobic residues
Phe–Phe–Leu–Leu, residues 179 to 182 in the sequence.
This hydrophobic insertion is unique to the T. litoralis
sequence, with no equivalent in other bacterial or archaeal
pcp sequences known to date.
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Figure 5
Stereo diagram showing the active-site triad
Cys143, His167 and Glu80 of the pcp
monomer. The distance in Ångstroms
between Cys143 Sγ–His167 Nε and His167
Nδ–Glu80 Oε is shown. Secondary structure
elements are labelled as shown in Figure 2b.
This figure was produced with the program
MOLSCRIPT [42].
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Figure 4
Cys190 from each subunit forms a disulphide bond at the AC–BD
interface. A 2|Fo|–|Fc| map calculated in the resolution range
20–1.73 Å contoured at 1σ is shown. This figure was generated with
the program TURBO-FRODO [44].
Structural comparisons
The open α/β fold is a common structure found in a variety
of enzymes of widely differing size and catalytic mechanism.
A study of 20 different open α/β structures revealed a
common active-site location, on the carboxy edge of the
main β sheet [23]. The residues involved in catalytic activ-
ity were always found to be located on, or near, the strands
connecting the N terminus of the α helices and the C ter-
minus of the β strands. Two of the residues of the catalytic
triad of pcp, Cys143 and His167, follow this rule, but the
third, Glu80, is in the centre of a β strand that is located on
the ‘insertion’ domain of the structure, making this feature
an essential structural determinant.
The pcp structure shows no discernible structural homology
to members of the eukaryotic cysteine protease families,
such as the papain superfamily, members of which have two
domains and a catalytic site located in the cleft between the
domains. Similarities have been noted, however, in the
topology, and/or overall fold, to a number of enzymes from
both eukaryotic and prokaryotic sources.
Carboxypeptidase A from Bos taurus (Protein Data Bank
[PDB] code 2ctb) [24] shows significant structural similar-
ity to pcp. An examination of the topologies of pcp and
2ctb (truncated by 55 residues at the N terminus) demon-
strates marked similarity between the two (Figure 6). Both
enzymes have a similar large insertion domain, from posi-
tion 70 to 138 in pcp, and from 197 to 251 in 2ctb. This
domain has an identical topological location in both struc-
tures, between strands βE and βH in pcp, and between βE
and βF in 2ctb. In both cases, this insertion forms one face
of the molecule. The two structures superimpose with an
rms deviation of 2.0 Å between their Cα atom positions
over 100 residues out of 220 residues in the pcp structure.
Although the catalytic mechanisms are entirely different,
with carboxypeptidase A utilising a zinc ion to polarise the
substrate carbonyl bond, the location of the catalytic
residues is roughly the same in both carboxypeptidase and
pcp (Figure 7). The position of the catalytic zinc ion in
2ctb is just 1.2 Å away from the Sγ of pcp’s active-site cys-
teine, Cys143, when the two structures are superimposed.
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Figure 6
Topology diagrams of (a) pcp and (b) truncated carboxypeptidase A
showing topological similarity. The β strands in pcp (triangles) are
lettered as in Figure 2b. The strands in carboxypeptidase A are
labelled alphabetically from the truncated N terminus. This figure was
created using the program TOPS [45].
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Figure 7
Stereo Cα backbones of pcp (red) and
carboxypeptidase A truncated at the
N terminus (green) superimposed using O
[39]. The catalytic triad in pcp is shown in
blue and zinc-binding residues in
carboxypeptidase A are shown in black. The
zinc ion of carboxypeptidase A is shown as a
pink sphere. This figure was produced with
the program MOLSCRIPT [42].
Structure
The second residue of the pcp catalytic triad, His167, is in
exactly the same topological position as the active-site
Glu270 in carboxypeptidase A. The α helix at residues
253 to 262 in 2ctb is two turns shorter than the pcp α helix
α4 (residues 139–158) at the N terminus, allowing the Sγ
of Cys143 to replace the zinc ion.
Structural similarity to pcp is also seen with the purine
nucleotide phosphorylase (pnp) from Escherichia coli (PDB
code 1A69) [25]. The Cα backbones of the two molecules
may be superimposed with an rms deviation of 1.9 Å over
119 residues, as long as small insertions are allowed for
in regions of secondary structure (Figure 8). The overall
topology has the same polarity as carboxypeptidase A, and
therefore as pcp, in the C terminus of the protein. The
active sites of both pcp and pnp have similar locations in
the two structures. The Met180 of pnp involved in inter-
actions with the purine nucleotide base has a similar topo-
logical position to the catalytic Cys143 of pcp, whereas the
guanidinium group of the phosphate-binding Arg87 of
pnp is located very close to Sγ of this Cys143 in pcp and to
the zinc ion in carboxypeptidase A. The insertion sub-
domain is also seen in pnp, although is not as pronounced
as in carboxypeptidase A or pcp.
The significance of the homology of pcp to the zinc-
dependent carboxypeptidase A in terms of evolution is
interesting because pcps from eukaryotic sources are
reported to be metallopeptidases. The similarities between
pcp, carboxypeptidase A and purine nucleotide phospho-
rylase suggest that these enzymes evolved from a common
ancestor, and may constitute a distinct ‘superfamily’ of
enzymes, especially in the light of the insertion subdomain
seen in carboxypeptidase A (AG Murzin, personal commu-
nication), despite the fact that the reactions catalysed, and
the method of catalysis is different in each enzyme. Such a
relationship has been observed before [26], between
methionyl aminopeptidase (MAP), and creatine amidino-
hydrolase (creatinase). The MAP is a metal-dependent
enzyme, whereas the creatinase is not, but they share a
highly unusual fold, which is unlikely to have evolved
independently in the two cases. Although the structural
similarities between pcp, pnp and carboxypeptidase A are
not as strong as in the case of MAP and creatinase, the
former may represent a group of enzymes that have
evolved from a common ancestor in order to catalyse
peptide- and phosphoryl-bond hydrolysis by a variety of
mechanisms, but on the same overall protein ‘scaffold’.
Thermostabilising features
A detailed analysis of thermostabilising features requires
that the structures of equivalent enzymes from both ther-
mophilic and mesophilic sources be studied. Because this
is not yet possible in the case of pcp, it is difficult to posi-
tively identify particular features that may contribute to
the stability of this structure. The highly hydrophobic
insertion that forms the core of the tetramer would appear
to be a stabilising feature [27], but it is not found in the
pcp sequence from the more thermophilic Pyrococcus hori-
koshii pcp. The presence of intersubunit disulphide bridges,
which is unusual for intracellular proteins, should also
enhance the stability of the folded protein [28].
Biological implications
Pyroglutamic acid is found at the N terminus of a variety
of proteins and peptides. It can be produced enzymatically
and may also be formed by cyclisation of a glutamate
residue at high temperatures and under reducing condi-
tions. Pyrrolidone carboxyl peptidase (pcp) removes
this N-terminal pyroglutamate residue. In mammals the
enzyme regulates the activity of some important peptides,
such as thyrotropin releasing factor. In bacteria and
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Figure 8
Stereo Cα trace of the pcp monomer (red)
with the Cα trace of pnp (green)
superimposed and least-squares fitted using
O [39]. Active-site residues of pcp are shown
in blue, both the phosphate-binding site and
the purine nucleotide base binding site
residues of pnp are shown in black. This
figure was produced with the program
MOLSCRIPT [42].
Structure
archaea, pcp is thought to be involved with the degrada-
tion of exogenous polypeptides to gain nutrients or to
detoxify N-terminally blocked peptides. The enzyme has
some commercial use in the de-blocking of proteins and
peptides for N-terminal sequence determination and it has
industrial applications for biotransformation reactions.
In this study, we report the crystal structure of Thermo-
coccus pcp, a tetrameric cysteine protease that provides
a model for other type I pcps from bacterial and mam-
malian sources. The protein folds into an open α/β
domain. A catalytic triad based on Cys–His–Glu residues
has been located and shows similarity to the serine pro-
tease triad rather than to the Cys–His–Asn triad seen in
other cysteine proteases, such as papain. The presence
of intrasubunit disulphide bonds and a hydrophobic
‘core’ contributed by each of the four subunits could
enhance the protein’s thermostability. Pcp shows con-
siderable similarities to other hydrolytic enzymes of
widely varying substrate specificity and mechanism, sug-
gesting that they are the products of divergent evolution
from a common ancestor.
Materials and methods
Protein purification and crystallisation
Recombinant pcp from T. litoralis strain NS-C was overexpressed in
E. coli (MRS and JAL, unpublished). The enzyme was crystallised
from ammonium sulphate as described previously [29]. The crystals
belong to space group P21212 with cell dimensions of a = 95.06 Å,
b = 150.06 Å, c = 73.54 Å, which contract upon cryocooling at 100K
to a = 91.64 Å, b = 147.01 Å, c = 71.55 Å. There is one tetramer in the
asymmetric unit, giving a Vm of 2.73 Å3Da–1.
X-ray data collection
Initial X-ray native data to 2.7 Å were collected ‘in-house’ on a Siemans
HiStar area detector mounted on a Siemans rotating anode at room tem-
perature. Uranyl acetate data to 3.4 Å and p-chloromercuribenzoic acid
data to 2.7 Å were collected under the same conditions. Heavy-atom
soaks were carried out in 50 mM potassium phosphate buffer, 50% satu-
ration ammonium sulphate, pH 6.5 at room temperature except for uranyl
derivatives, for which the crystals were transferred into 10 mM MES,
pH 6.5, 50% saturation ammonium sulphate and allowed to soak for 5h
before addition of the heavy-atom compound. Data were integrated and
scaled using the SAINT software package [30].
High-resolution native data to 1.73 Å resolution were collected on sta-
tions X11 and X31 at the EMBL outstation of DESY, Hamburg. Data
were reduced and scaled using the programs DENZO and SCALEPACK
[31]; 471,083 individual measurements were reduced to 104,008 unique
reflections with an overall Rsym of 9.2% (Table 1). The data are 97.4%
complete overall.
Structure solution and refinement 
The structure of pcp was solved by multiple isomorphous replacement.
Soaking of pcp crystals in mercury compounds did not give a good iso-
morphous signal, perhaps because of partial oxidation of the active-site
cysteine. Co-crystallisation of the enzyme with PCMB gave a strong
derivative with four high-occupancy sites being located by the auto-
mated Patterson interpretation routine of SHELX-90 [32]. Sites in a
second uranium derivative were located using difference Fourier tech-
niques. The heavy-atom parameters were refined using the program
MLPHARE [33] to give an overall figure of merit to 2.7 Å of 0.32
(Table 2). The noncrystallographic symmetry (ncs) operators were
obtained from inspection of the mercury sites, and allowed fourfold
averaging in combination with solvent flattening to be applied using the
program DM [34]. Both the initial MIR and the density modified map
were of sufficient quality to allow tracing of most of the polypeptide
chain in all four subunits.
Refinement and model validation
The model was refined using the program REFMAC [35]; 2.5% of the
reflections were assigned to a test set for calculation of Rfree [36]. Iso-
morphous phases and density modification phases were used to
improve convergence at early stages of refinement and overall aniso-
tropic scaling of data [37] were used throughout the refinement. Bond
and angle parameters were as described by Engh and Huber [38].
Strict ncs restraints were applied during early rounds of refinement and
were gradually released during the course of refinement. Rebuilding
stages were carried out using the program O [39]. Higher resolution
data to 2.3 Å and finally 1.73 Å were used as they became available,
using the refined lower resolution structure as a search model for a
molecular replacement solution, conducted using the program AMoRe
[40]. Solvent molecules were added in the final stages of refinement
using ARP [41] in restrained mode, and validated manually and with
WODA (A Teplyakov, personal communication). Sulphate ligands and
multiple conformations of sidechains were modelled in the penultimate
stages of the refinement. The validity of the model was assessed using
the program PROCHECK [14]. The details of the refined model are
presented in Table 1.
Accession numbers
The structure factors and refined coordinates of T. litoralis pcp have been
deposited with the Brookhaven Protein Data Bank with the accession
code 1A2Z.
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